Numerous intracellular bacterial pathogens modulate the nature of the membrane-bound compartment in which they reside, although little is known about the molecular basis for this control. Legionella pneumophila is a bacterial pathogen able to grow within human alveolar macrophages and residing in a phagosome that does not fuse with lysosomes. This study demonstrates that the dotA product is required to regulate trafficking of the L. pneumophila phagosome. Phagosomes containing L. pneumophila dotA þ bacteria exhibited differential trafficking profiles when compared with isogenic dotA mutants. Phagosomes containing dotA mutants showed rapid accumulation of the lysosomal glycoprotein LAMP-1 as early as 5 min after uptake, whereas the majority of wild-type L. pneumophila phagosomes did not acquire LAMP-1. The association of LAMP-1 with phagosomes containing dotA mutant bacteria was concomitant with the appearance of the small GTP-binding protein Rab7 on the vacuolar membrane. These data demonstrate that phagosomes containing replication-competent L. pneumophila evade early endocytic fusion events. In contrast, the kinetics of LAMP-1 and Rab7 association indicate that the dotA mutants are routed along a well-characterized endocytic pathway leading to fusion with lysosomes. Genetic studies show that L. pneumophila requires DotA expression before macrophage uptake in order to establish an intracellular site for replication. However, the bacteria do not appear to require continuous expression of the DotA protein to maintain a replicative phagosome. These data indicate that DotA is one factor that plays a fundamental role in regulating initial phagosome trafficking decisions either upon or immediately after macrophage uptake.
Introduction
Legionella pneumophila is a Gram-negative, facultative intracellular bacterium capable of growing within human alveolar macrophages McDade et al., 1977; Horwitz and Silverstein, 1980) . Infections by this organism can result in an acute pneumonia known as Legionnaires' disease (McDade et al., 1977) . The life cycle of L. pneumophila within macrophages was originally described in a series of morphological and cellular studies by Horwitz and co-workers. Uptake of the bacteria is enhanced by opsonizing agents such as immunoglobulins or complement (Horwitz and Silverstein, 1981; Nash et al., 1984; Payne and Horwitz, 1987) , and for some serotypes occurs by coiling phagocytosis (Horwitz, 1984) . Uptake by a specific macrophage receptor or phagocytosis mechanism does not appear to influence the intracellular fate of the bacterium greatly.
After uptake, L. pneumophila is found in a membranebound phagosome. Remarkably, this compartment is significantly less acidic than phagosomes containing nonpathogens and does not fuse with lysosomes (Horwitz, 1983a; Horwitz and Maxfield, 1984) . During the 2 h after uptake, the L. pneumophila-containing phagosome can be observed associated with smooth vesicles, mitochondria and endoplasmic reticulum in a sequential fashion (Horwitz, 1983b ). The phagosome is eventually routed to a perinuclear position in the cell, where it appears as a ribosome-studded vacuole in electron micrographs (Horwitz, 1983b) . Bacterial replication is initiated after the formation of this ribosome-decorated compartment, referred to as the replicative phagosome. The ribosome-studded appearance results from an intimate association between the phagosome and the rough endoplasmic reticulum (RER) (Horwitz, 1983b) . The significance of the phagosome-RER interaction is not clear; however, the morphology is similar to an autophagic compartment (Swanson and Isberg, 1995) .
L. pneumophila cell division occurs 4-6 h after uptake, and the doubling time within the replicative phagosome for the bacteria is approximately 2 h (Marra and Shuman, 1992) . The bacteria will continue to grow inside this site for roughly 24 h, at which time this compartment and then the macrophage plasma membrane burst. Recent evidence indicates that the release of the organism may be preceded by macrophage apoptosis (Muller et al., 1996) . It is not known whether lysis is caused by exceeding a physical restriction on the size of the replicative phagosome or is a consequence of apoptosis.
The dotA locus from L. pneumophila has been identified as a gene essential for intracellular growth (Berger and Isberg, 1993) . Phagosomes formed by dotA mutants do not mature into a replicative vacuole and eventually fuse with lysosomes (Berger et al., 1994; Swanson and Isberg, 1996) . These data suggest that DotA plays a role in the formation of the replicative phagosome. Genetic and biochemical studies have demonstrated that DotA is an integral inner membrane protein of 1048 amino acids with eight transmembrane helices and two periplasmic domains estimated to be 503 and 73 amino acids in length (Roy and Isberg, 1997) . In addition to dotA, numerous other L. pneumophila gene products are required to sustain intracellular growth of the bacteria in macrophages (Sadosky et al., 1993; Pruckler et al., 1995; Vogel et al., 1996) . In view of these findings, DotA presumably functions as a member of a multiprotein complex essential for the establishment of a replicative phagosome.
To understand the function of DotA in intracellular growth, we have investigated the role of this protein in limiting interactions between the phagosomal compartment and late endosomes and lysosomes. From these data, we propose a model whereby DotA is required for the formation of a macromolecular complex that serves to redirect the formation of the nascent phagosome during, or shortly after, bacterial uptake.
Results

DotA is required for inhibition of phagosomelysosome fusion by L. pneumophila
To characterize the intracellular trafficking pathway used by L. pneumophila and determine if there are any conspicuous differences between phagosomes containing bacteria competent for intracellular replication and those formed by dotA mutants, the molecular morphology of phagosomes containing either a wild-type dotA strain of L. pneumophila called LP02 or a L. pneumophila dotA mutant strain LP03 (dotA03) after infection with mouse bone marrow-derived macrophages was investigated. Immunofluorescence microscopy was used to compare the acquisition of organellespecific markers by L. pneumophila phagosomes following macrophage uptake.
Bacterial phagosomes were scored for acquisition of the lysosomal glycoprotein LAMP-1, an abundant transmembrane protein found predominantly in late endosomes and lysosomes (Chen et al., 1988; Harter and Mellman, 1992) , to determine the extent of interaction between the L. pneumophila phagosome and the host endocytic pathway. After a 1 h infection of bone marrow-derived macrophages, extracellular bacteria and total cell-associated bacteria were differentially labelled, and the permeabilized cells were probed with mAb 1D4B specific for LAMP-1 (Chen et al., 1985) . Very few cell-associated bacteria could be found on the macrophage surface (Fig. 1,  TRITC) . Consistent with previous results, the replicationcompetent LP02 (dotA þ ) was primarily excluded from LAMP-1 staining compartments (Clemens and Horwitz, 1995; Swanson and Isberg, 1996) . The dotA03 mutant was usually found in rod-shaped compartments that stained intensely with anti-LAMP-1, in contrast to the wild-type dotA parent, which appeared to be in a compartment that excluded the LAMP-1-rich material (Fig. 1 , FITC, compare LP03 with LP02). Of 100 phagosomes scored for LAMP-1 acquisition for each strain, 35% of the phagosomes containing LP02 (dotA þ ) had detectable LAMP-1 accumulation, whereas 87% of the phagosomes harbouring the dotA mutant strain LP03 (dotA03) reacted intensely with the LAMP-1 antibody. Similar results were obtained using several different dotA alleles including a strain that had a non-polar deletion of the entire dotA coding region (data not shown). These data indicate that wildtype L. pneumophila are able either to evade fusion with or to escape from late endosomal compartments and that dotA mutant bacteria have lost this capability.
Dot-mediated targeting decisions are determined within minutes of uptake
To define further when bifurcation occurs in the trafficking of L. pneumophila phagosomes, a synchronous time course experiment for LAMP-1 acquisition was performed. L. pneumophila LP02 (dotA þ ) or LP03 (dotA03) were centrifuged onto adherent bone marrow-derived macrophages for 5 min at room temperature, then incubated further at 37ЊC for 5 min to promote phagocytosis. After multiple PBS washes at 4ЊC, the infections were analysed by differential staining as above or incubated for a further 10, 25 or 55 min in prewarmed media to allow phagosome maturation to occur. More than 95% of all cell-associated bacteria were found to be intracellular (Experimental procedures). We observed that, as early as 5 min after uptake, most of the phagosomes containing LP03 (dotA03) were positive for LAMP-1 (Fig. 2B) . By 15 min, nearly all the dotA mutants were residing in a LAMP-1-positive vacuole, while the majority of phagosomes containing the wild-type dotA strain had undetectable levels of LAMP-1 accumulation. No appreciable differences were seen in the LAMP-1 profiles of phagosomes after the first 15 min, indicating that dotA-mediated decisions are made early in phagosome biogenesis.
L. pneumophila phagosome trafficking is impeded at a step before late endosome fusion According to models of phagosome biogenesis, LAMP-1 acquisition marks maturation or fusion with late endosomes (Rabinowitz et al., 1992; Racoosin and Swanson, 1993) . The finding that L. pneumophila inhibits LAMP-1 acquisition therefore indicates that the bacteria disrupt phagosome maturation before the development of the vacuole to a late endosome. These results suggest that L. pneumophila is able to inhibit phagosome-lysosome fusion by derailing the default phagosome-trafficking pathway rapidly, whereas the dotA mutants lack this capability.
The small GTP-binding protein Rab7 is a regulatory molecule required for the fusion of early endosomes with late endosomes (Chavrier et al., 1990; Feng et al., 1995) . Rab7-GTP first localizes to the cytoplasmic surface of early endosome membranes before their fusion with late endosomes. After GTP hydrolysis, Rab7-GDP is removed from the membrane by Rab-GDI and reassociates with early endosomes (Ullrich et al., 1993; Soldati et al., 1993 Soldati et al., , 1995 . To clarify further where the divergence occurs in the maturation of wild-type and dotA mutant L. pneumophila phagosomes, double-labelling experiments were conducted to determine the kinetics of Rab7 and LAMP-1 acquisition.
Mouse bone marrow-derived macrophages were infected for 5 min with either L. pneumophila strain LP02 (dotA þ ) or LP03 (dotA03) (Experimental procedures). Extracellular bacteria were washed from the surface of the macrophages, and coverslips were removed and placed in fixative at 5, 15 and 30 min intervals thereafter. The cells were stained with affinity-purified rabbit polyclonal antiRab7 and mAb 1D4B specific for LAMP-1. The uptake efficiency was determined in parallel. The accumulation of Rab7 around the phagosome was clearly evident against the cellular pool of protein, and phagosomes with Fig. 1 . L. pneumophila dotA mutants are found in a LAMP-1-positive compartment. L. pneumophila were co-incubated with mouse bone marrow-derived macrophages for 1 h at 37ЊC before fixation and staining (Experimental procedures). The left column of images shows bacteria and the macrophage nucleus by DAPI staining. The middle column of images shows late endosomal and lysosomal compartments by probing with mAb 1D4B specific for LAMP-1 (Chen et al., 1985) followed by FITC-labelled anti-rat IgG. The right column of images identifies extracellular bacteria using a TRITC-labelled anti-rabbit IgG to detect bacteria that react with anti-L. pneumophila antibody before membrane permeabilization. The absence of TRITC staining in these images indicates that the bacteria were all intracellular (Experimental procedures). L. pneumophila strain LP02 is a replication-competent dotA þ organism, and LP03 is a replication-defective dotA03 mutant.
all possible combinations of Rab7 and LAMP-1 staining were identified (Fig. 3 ). For LP02 (dotA þ ) at 5 min after uptake, the majority of phagosomes have failed to acquire either Rab7 or LAMP-1 with 59 Ϯ 14% of phagosomes lacking both markers ( Fig. 2A) . The next most abundant class of phagosomes were the 18 Ϯ 5% that acquired Rab7 but not LAMP-1, with the remainder exhibiting LAMP-1 in either the presence or the absence of Rab7. The Rab7-positive/LAMP-1-negative phagosomes dissipate slowly and can even be detected in low numbers at 30 min after uptake ( Fig. 2A) . The large number of Rab7-positive/ LAMP-1-negative phagosomes observed in these experiments represent a class of L. pneumophila phagosomes that have acquired Rab7 but are either delayed or blocked for late endosome fusion, suggesting that the bacteria within these compartments have impeded vesicle trafficking at a stage between early endosome and late endosome development.
In contrast to results with the dotA þ strain, most of the phagosomes harbouring L. pneumophila LP03 (dotA03 ) were positive for both Rab7 and LAMP-1 at the 5 min time point (37 Ϯ 12%; Fig. 2B ). Co-localization of LAMP-1 with the LP03 (dotA03) Rab7-positive phagosomes indicates that these compartments were in the process of fusing with late endosomes. In addition, a large percentage of the dotA mutants were in Rab7-negative/LAMP-1-positive phagosomes (31 Ϯ 11%), demonstrating that 5 min is sufficient time to complete the trafficking of a particle initially at the cell surface to a late endosomal compartment. At the 15 min time point, the fusion of phagosomes with late endosomes is nearly complete. This is illustrated by the drop that occurs in the percentage of Rab7-positive/ LAMP-1-positive phagosomes and the subsequent increase in Rab7-negative/LAMP-1-positive compartments (Fig.  2B ). These data demonstrate that phagosomes containing L. pneumophila dotA mutants advanced along a trafficking pathway similar to that described for non-pathogens and macropinosomes (Rabinowitz et al., 1992; Racoosin and Swanson, 1993 ).
DotA expression is required before bacterial uptake to mediate intracellular growth
The above results demonstrate that L. pneumophila phagosome biogenesis is dramatically altered within 5 min of bacterial uptake by a dotA-mediated process. To address whether dotA was required for further maturation events or intracellular growth following the formation of the replicative phagosome, an inducible expression vector was constructed to facilitate studies on the temporal requirements for DotA protein in vivo. Initial studies indicated that, when dotA was placed under the control of the lacIregulated tac promoter, uninduced levels of dotA expression (absence of IPTG, Experimental procedures) were sufficient to complement a chromosomal dotA mutation, while induction resulted in a loss of viability (Fig. 4, pKB9 ). To attenuate uninduced levels of dotA expression from pKB9, one to four copies of the rrnB T1 transcriptional ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 663-674
Fig.
2. An early block in maturation of the L. pneumophila phagosome is not found in dotA mutants. Phagosomes containing L. pneumophila LP02 (dotA þ ) and LP03 (dotA03) in mouse bone marrow-derived macrophages were scored for the acquisition of Rab7 and LAMP-1 by immunofluorescence microscopy 5 min, 15 min and 30 min after uptake (Experimental procedures). The kinetics of phagosome maturation is given as the percentage of compartments that stained positive for Rab7 and/ or LAMP-1 at each time point. Data are the average Ϯ standard deviation of three independent assays in which 50 phagosomes were scored for each strain at each time point.
terminator were inserted between P tac and the dotA translational initiation site (Fig. 4, pKB25-28 ).
To determine whether any of these plasmids could be used to regulate L. pneumophila intracellular growth, each was placed in LP053 (dotA053), and intracellular growth within phorbol ester-transformed U937 cells was tested. To assess whether the intracellular growth of these strains was dependent on dotA transcription from the induced P tac , the bacteria were cultured either in the presence or in the absence of IPTG before U937 cell infection. IPTG was included in the tissue culture media for the duration of the assay when measuring the growth of bacteria induced for dotA expression before infection.
Regulated intracellular growth was obtained with the construction containing two transcriptional terminators inserted upstream of the dotA open reading frame (ORF; Fig. 4, pKB26) . LP053 (dotA053) harbouring pKB26 would not grow in U937 cells in the absence of IPTG induction, whereas intracellular growth was observed in U937 cells when the bacteria were grown in media containing IPTG. Plasmids containing three (pKB27) or four (pKB28) copies of the T1 terminator were unable to promote intracellular growth of LP053 (dotA053) even with IPTG induction (Fig. 4) .
LP053 (dotA053, pKB26) was first grown in broth containing 1 mM IPTG to induce dotA expression, and replication within U937 monocytes was measured in the presence or in the absence of continued IPTG exposure to test if continuous dotA expression was necessary for intracellular growth. Intracellular growth of LP053 (dotA053, pKB26) was identical for the first 24 h whether or not DotA was continually expressed (Fig. 5A ). The morphology of the replicative phagosomes and the bacterial cells per replicative phagosome appeared to be identical 16 h after uptake whether or not DotA was being continually expressed (Fig. 6 ). If previously induced bacteria were presented to macrophages in the absence of IPTG, however, replication ceased after 24 h (Fig. 5A ). These results suggest that DotA is required early in the uptake process for proper phagosome targeting and, once the replicative phagosome is formed, the bacteria no longer require continuous DotA production to complete their life cycle inside the macrophage. It appears, however, that continued DotA expression is required for a productive cycle of growth in neighbouring macrophages once the initial round of intracellular replication is completed. In U937 cells, one round of intracellular growth by L. pneumophila takes approximately 24 h, so the cessation of bacterial replication observed after 24 h for LP053 (dotA053, pKB26) that have stopped producing DotA is probably ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 663-674
Fig. 3.
Immunofluorescence images illustrating Rab7 cycling on the L. pneumophila phagosome membrane. Bacteria were identified in mouse bone marrow-derived macrophages by DAPI staining (Experimental procedures). Rab7 and LAMP-1 were visualized by indirect immunofluorescence using rabbit affinity-purified antibody directed against Rab7 and monoclonal antibody 1D4B specific for LAMP-1. The Rab7
caused by an inability to grow after reinfection of the surrounding macrophages.
To determine the amount of DotA protein produced by the double terminator construction, whole-cell extracts were probed with a DotA antibody. LP053 (dotA053, pKB26) grown overnight in broth containing 1 mM IPTG showed low-level expression of DotA protein (Fig. 7, lane  F) but, in the absence of IPTG, DotA antigen was not detectable (Fig. 7, lane E) . The level of DotA present in LP053 (dotA053, pKB26) grown in inducing conditions was less than 25% of the amount of DotA detected in the wild-type dotA strain LP02, or of LP02 containing pKB26 and grown either with or without IPTG induction (Fig. 7B) . If cultures of LP053 containing pKB26 were induced for DotA expression, DotA antigen levels decreased after the bacteria were switched to media lacking IPTG (Fig. 7, lanes F and G) . After 4 h, the optical density of the culture had doubled, yet only 3% of the starting amount of DotA protein was present per bacterium, indicating that DotA protein turnover exceeded the twofold effect that would be expected as a result of dilution. These data demonstrate that low amounts of DotA are sufficient for intracellular growth and that continued replication in the phagosome is occurring with little or no DotA protein present.
L. pneumophila intracellular growth required the induction of dotA expression before macrophage uptake. We attempted to determine if L. pneumophila, improperly targeted within cells because of an absence of DotA, could initiate growth after the restoration of DotA expression. LP053 (dotA053)(pKB26) grown overnight in AYE broth without IPTG was added to U937 cell monolayers in the presence or in the absence of IPTG, and intracellular growth was monitored. Derepression of dotA transcription at the time of L. pneumophila uptake did not result in sufficient expression to promote intracellular growth, and continued IPTG induction failed to rescue this defect (Fig. 7B) . We could not determine unequivocally if this result was caused by an inability of L. pneumophila to reverse the course of infection inside a host cell once improper phagosome targeting occurs, as induction of DotA expression in improperly targeted bacteria could not be detected under these conditions (data not shown).
ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 663-674 Fig. 4 . Intracellular growth of L. pneumophila can be manipulated by regulating dotA expression. The expression plasmids designed to attenuate levels of dotA transcription from P tac are displayed. The black stem-loops identify copies of the rrnB T1 transcriptional terminator (Simons et al., 1987) . The ability of these plasmids to complement intracellular growth of a L. pneumophila dotA053 mutant in U937 cells is shown. Induced conditions indicate that P tac has been derepressed during bacterial growth by the addition of 1 mM IPTG initially in the bacterial culture medium and also during incubation of the bacteria with U937 cells. Uninduced conditions indicate bacterial growth in media without IPTG. Intracellular growth was assayed after 2 days in differentiated U937 cells. The fold increase in cfus after 2 days is shown for plasmid/IPTG combinations that restored intracellular growth. Minus signs indicate conditions that did not restore intracellular growth. ND indicates that intracellular growth of LP053 harbouring pKB9 could not be determined in the presence of IPTG, because induction of DotA expression is toxic to bacteria containing this plasmid.
Discussion
Intracellular respiratory pathogens such as Mycobacterium tuberculosis, Chlamydia spp. and Legionella pneumophila reside in phagosomes that avoid fusion with lysosomal compartments (Armstrong and Hart, 1971; Horwitz, 1983a; Wyrick and Brownridge, 1978) , an important virulence determinant that allows these bacteria to replicate inside mammalian cells. We have presented data on trafficking of the L. pneumophila phagosome, which indicate that this compartment has limited early interactions with the host endocytic pathway and is able to avoid lysosome fusion by disrupting maturation before fusion with late endosomes. We also demonstrate that the dotA product plays a role in altering phagosome biogenesis, which enables the bacteria to evade lysosome fusion and replicate within macrophages. Expression of the DotA protein is required before macrophage uptake ( Fig. 7A and B) , supporting the morphological evidence that trafficking of the L. pneumophila phagosome is diverted rapidly from a phagosomal maturation pathway leading to fusion with lysosomes and suggesting that initial evasion of the lysosomal trafficking pathway is essential for the formation of the replicative compartment.
Using immunofluorescence microscopy to follow phagosome maturation in macrophages, we found that the L. pneumophila phagosome inhibits the acquisition of LAMP-1, a protein found primarily in late endosomes and lysosomes (Chen et al., 1988; Harter and Mellman, 1992) . These data corroborate earlier studies that show LAMP-1 to be absent from the L. pneumophila phagosome at later time points (Clemens and Horwitz, 1995; Swanson and Isberg, 1996) . We examined the kinetics of LAMP-1 association to determine whether the absence of LAMP-1 on the L. pneumophila phagosome was the result of evading fusion with late endosomes or remodelling of the compartment after fusion had occurred. The observation that LAMP-1 staining is not seen on phagosomes 5-15 min after uptake suggests that trafficking of this compartment is altered before late endosome fusion. Unlike the parental strain, the dotA mutants were found primarily in LAMP-1-positive compartments, indicating that phagosomes containing these bacteria are subject to a different intracellular fate.
The kinetics of LAMP-1 and Rab7 acquisition by dotA mutant phagosomes was examined to determine whether the dotA mutants were defective for early phagosome trafficking events or if the bacteria were routed to a LAMP-1-containing compartment after unsuccessful attempts at forming a replicative phagosome. These data showed that the dotA mutants began acquiring both LAMP-1 and Rab7 as early as 5 min after uptake. The timing of LAMP-1 and Rab7 acquisition by phagosomes containing the dotA mutants mirror those reported for the maturation of macropinosomes (Racoosin and Swanson, 1993) , indicating that the dotA mutant phagosomes traffic along a more typical endocytic pathway. In contrast, phagosomes containing wild-type bacteria were able to evade this pathway, thereby avoiding fusion with late endosomes and lysosomes. These data demonstrate that DotA is one factor that plays a role in modulating initial interactions between the phagosome and the host endocytic network.
The monomeric GTP-binding protein, Rab7, has been ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 663-674 shown to be an important positive regulator required for the fusion of endocytic compartments with late endosomes (Chavrier et al., 1990; Feng et al., 1995; Soldati et al., 1995) . We observed numerous Rab7-positive phagosomes containing LP02 (dotA þ ) that were LAMP-1 negative, whereas most of the LP03 (dotA03) Rab7-positive phagosomes were LAMP-1 positive. The population of Rab7-positive/LAMP-1-negative phagosomes containing wild-type L. pneumophila is an unusual observation. In previous studies of phagosome maturation, Rab7-positive compartments usually co-localize with LAMP-1, indicating that Rab7-regulated fusion with late endosomes is a very rapid process (Rabinowitz et al., 1992; Racoosin and Swanson, 1993; Desjardins et al., 1994) . In contrast, the L. pneumophila Rab7-positive/LAMP-1-negative phagosomes dissipated rather slowly and could still be detected in low numbers at the 15 and 30 min time points. It is possible that Rab7 persisting on the phagosomal membrane was undergoing futile rounds of nucleotide triphosphate hydrolysis on account of an impediment that prohibits fusion with late endosomes. This would parallel the finding that Rab5 can undergo rounds of nucleotide triphosphate hydrolysis in the absence of membrane fusion (Rybin et al., 1996) .
Results showing that defects in phagosome trafficking were apparent with the dotA mutants as early as 5 min after uptake were consistent with the finding that L. pneumophila were only able to grow inside cultured cells if DotA expression occurred before bacterial uptake. If DotA expression from pKB26 was repressed immediately after uptake by removal of IPTG from the growth media, no differences were observed in the levels of growth over the first 24 h when compared with bacteria that were continuously expressing DotA. These data suggest that altering phagosome trafficking is the principal role that DotA protein plays in the bacterium. After proper trafficking of the bacterium, DotA expression may not be required until the bacteria lyse the macrophage and must initiate infection in a new host cell. Alternatively, extremely low concentrations of DotA may be sufficient to maintain intracellular replication of properly targeted bacteria, and the initiation ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 663-674 Fig. 6 . Replicative phagosome formation does not require constitutive DotA synthesis. Bone marrow-derived macrophages were fixed and DAPI stained 16 h after infection with LP053 (dotA053, pKB26) that had been induced for DotA expression before uptake. Immunofluorescence images show similar morphology between replicative phagosomes containing bacteria constitutively expressing DotA and those that repress DotA production after uptake. (þ/þ) Growth in AYE þ 1 mM IPTG before infection and 1 mM IPTG added to tissue culture media. (þ/ ¹) Growth in AYE þ 1 mM IPTG before infection and IPTG withheld from tissue culture media. Fig. 7 . DotA expression in L. pneumophila containing pKB26 is tightly controlled by IPTG. A. The image displayed is of a scanned immunoblot of L. pneumophila whole-cell extracts probed with affinity-purified anti-DotA antibody (Experimental procedures). Extracts were prepared from bacteria grown to late-log phase in AYE broth. To induce expression of DotA from the pKB26 plasmid construction, 1 mM IPTG was added to the broth where indicated. The position of molecular weight markers are shown on the left, and the position of the 113 kDa DotA product is shown on the right. In all lanes, a cross-reactive L. pneumophila antigen can be seen at 45 kDa and serves as a control for equal loading of protein in all lanes. B. The fluorescence intensity of the 113 kDa DotA reactive region was determined for each lane of the Western blot shown in (A). Lanes: (A) lP02 (dotA þ ); (B) lP02 pKB26 no IPTG; (C) LP02 pKB26 þ IPTG; (D) lP053 (dotA053); (E) lP053 pKB26 no IPTG; (F) lP053 pKB26 þ IPTG; (G and H) extracts made from the LP053 pKB26 culture that was harvested from late-log phase growth in the presence of IPTG after bacteria were washed to remove IPTG, inoculated into AYE broth without IPTG and grown for an additional 2 h (lane G) or 4 h (lane H).
of infection of neighbouring macrophages may require a relatively higher concentration of DotA than for maintenance of the replicative state.
Gene fusion studies have determined that dotA encodes a large inner membrane protein (Roy and Isberg, 1997) . The topology of DotA is characteristic of inner membrane proteins that function as multiprotein complexes (Froshauer and Beckwith, 1984; Panagiotidis et al., 1993; Higgins, 1995) . Consistent with this finding, a number of other L. pneumophila chromosomal mutations have been identified that encode genes required for intracellular growth (Sadosky et al., 1993; Pruckler et al., 1995; Vogel et al., 1996) . This includes the icmWXYZ operon immediately adjacent and divergently transcribed from dotA (Brand et al., 1994) . Preliminary analysis of nucleotide sequence data from regions outside the dotA and icmWXYZ genes reveals additional genes required for intracellular growth that are predicted to encode nucleotide-binding proteins, periplasmic lipoproteins and potential integral inner and outer membrane proteins (Segal et al., 1998; Vogel et al., 1998) .
Mutations in these other dot/icm genes eliminate replicative phagosome formation and affect phagosome trafficking events in a manner indistinguishable from that observed in a dotA mutant (J. P. Vogel, R. R. Isberg and C. Roy, unpublished data), indicating that the dot and icm genes are dependent on each other for co-ordinating early events in L. pneumophila pathogenesis. We propose a model whereby the dot/icm gene products assemble as a complex that may serve as a transporter for macromolecules that function to alter intracellular trafficking of the L. pneumophila phagosome. Consistent with this model are the recent findings that the dot /icm genes are required to form a contact-dependent pore in the cytoplasmic membrane of the macrophage, which may serve as a conduit to the host cytoplasm (Kirby et al., 1997) .
The mechanism used by L. pneumophila to evade fusion may rely on inhibiting maturation events that occur after uptake, or the bacteria may actively promote trafficking along a novel intracellular pathway at the time of uptake. Studies by Horwitz demonstrate that the majority of L. pneumophila phagosomes evade fusion with lysosomes following opsonization with either complement or antibody, suggesting that the bacteria can prevail over signals generated by both complement and Fc receptors that normally lead to lysosomal fusion (Horwitz, 1983a) . It has been difficult to determine whether early endosomal markers such as Rab5 and Rab4 are present on the L. pneumophila phagosome by immunofluorescence microscopy, as the relative intensity of staining observed for these markers on bacterial phagosomes is quite low and transient. Future experiments will be aimed at determining the molecular mechanism governing L. pneumophila phagosome trafficking.
Experimental procedures
Bacterial strains and cell culture L. pneumophila strains LP02 (thyA, hsdR, rpsL) and isogenic dotA mutants LP03 (dotA03, thyA, hsdR, rpsL) and LP053 (dotA053, thyA, hsdR, rpsL) were passaged on CYET plates and AYE broth as described previously (Berger et al., 1994) . Plasmids were mated into L. pneumophila by conjugation with Escherichia coli donors as described earlier (Roy and Isberg, 1997) . U937 cells were passaged in RPMI-1640 media containing 10% fetal bovine serum (Gibco BRL) and differentiated with phorbol 12-myristate 13-acetate (PMA; Sigma; Pearlman et al., 1988) . Mouse bone marrow macrophages were derived from the femurs of female A /J mice (Jackson Laboratories) and cultivated in L cell-conditioned media as described previously (Celada et al., 1984) .
Immunofluorescence microscopy
For studies involving the visualization of L. pneumophila phagosomes by immunofluorescence microscopy, mouse bone marrow-derived macrophages were plated onto glass coverslips in 24-well tissue culture dishes at a density of 8 × 10 4 cells/coverslip. L. pneumophila strains were grown to early stationary phase in AYE broth, and 1 × 10 9 bacteria were pelleted in a microfuge and resuspended in 1 ml of sterile PBS. Bacteria (approximately 1 × 10 6 ) were added to bone marrow macrophages in wells containing 0.5 ml of RPMI-1640 plus 10% fetal bovine serum. The plates were then returned to a 37ЊC 5% CO 2 incubator for 1 h. Coverslips were then washed with PBS to remove uninternalized bacteria and fixed for 1.5 h in PLP (20 mM 2-[N-morpholino]ethane-sulphonic acid, 70 mM NaCl, 5 mM KCl, 70 mM lysine, 5 mM MgCl 2 , 2 mM EGTA, 4.5% sucrose, 2% paraformaldehyde, 10 mM NaIO 4 , pH 7.5). For assays requiring synchronous formation of phagosomes, the bacteria were added to the macrophages on ice. The plates were centrifuged (150 × g ) at room temperature (RT) for 5 min in a swinging bucket rotor. The plates were then immediately warmed in a 37ЊC waterbath for 5 min, placed on wet ice and the wells were washed with three changes of ice-cold PBS. A series of coverslips were placed in PLP fix to determine phagosome maturation events 5 min after uptake. The remaining coverslips were refreshed with prewarmed RPMI media, and phagosome maturation was allowed to continue for 10 min, 25 min or 55 min at 37ЊC 5% CO 2 before coverslips were fixed in PLP. After fixation, coverslips were washed multiple times with TBS-sucrose (20 mM Tris-HCl, 150 mM NaCl, 4.5% sucrose, pH 7.5). For experiments requiring the detection of extracellular bacteria, the coverslips were blocked in TBS-sucrose containing 2% goat serum (GS/ TBS-sucrose) for 20 min at RT and then incubated for 30 min at RT with a 1:10 000 dilution of rabbit anti-L. pneumophila polyclonal antiserum in GS/ TBS-sucrose. Intracellular bacteria are not antibody accessible at this stage, as the plasma membrane remains intact. The coverslips were then washed with TBSsucrose and immersed for 10 s in ice-cold 100% methanol to make the cells permeable to subsequent antibody incubations. Primary antibody staining of the coverslips was performed overnight at 4ЊC. For the detection of LAMP-1, hybridoma supernatant containing rat monoclonal antibody 1D4B (Chen ᮊ 1998 Blackwell Science Ltd, Molecular Microbiology, 28, 663-674 et al., 1985) was diluted 1:500 in GS/ TBS-sucrose. For the detection of Rab7, affinity-purified rabbit polyclonal antibody was diluted 1:50 in GS/ TBS-sucrose. Rab7 antibodies were initially provided by Marino Zerial (EMBL, Heidelberg, Germany) and were subsequently prepared as described previously (Chavrier et al., 1990) . Secondary antibodies (Zymed Laboratories), fluorescein isothiocyanate (FITC)-conjugated goat anti-rat and rhodamine-conjugated goat anti-rabbit, were diluted 1:500 in GS/ TBS-sucrose, and coverslips were incubated with these antibodies for 1 h at 37ЊC. After incubation with the secondary antibody, the coverslips were washed three times with TBS-sucrose and once with PBS containing 0.1 g ml ¹1 4,6-diamidino-2-phenylindole (DAPI). Coverslips were mounted on glass slides and viewed with a Zeiss Axioskop microscope. To score phagosomes for LAMP-1 acquisition, bacteria were identified under the microscope using the DAPI filter. A FITC filter was used to determine whether the phagosomes contained LAMP-1, and a Texas Red filter was used to ensure that the bacteria were not extracellular. Images were captured using an attached CCD camera and displayed using Adobe Photoshop 3.0 software (Adobe Systems) on a Power Macintosh 9500 (Apple Computers).
For the detection of replicative phagosome formation by LP053 (pKB26), the bacteria were grown at 37ЊC to late-log phase in AYE broth containing 1 mM IPTG. Bacteria were pelleted, washed with sterile dH 2 O, then added to mouse bone marrow-derived macrophages on glass coverslips at a multiplicity of infection (MOI) of approximately 20. After co-incubation for 1 h at 37ЊC in 5% CO 2 , the coverslips were washed with PBS, and fresh RPMI-1640 containing 10% FBS was added to each well. In samples in which phagosomes formed by bacteria constitutively expressing DotA were to be examined, the RPMI-1640 was supplemented with IPTG to a final concentration of 1 mM. The cells were returned to 37ЊC 5% CO 2 for an additional 16 h, then fixed in PLP, DAPI stained and examined by immunofluorescence microscopy as described above.
Construction and characterization of dotA expression plasmids
For the construction of dotA expression plasmids containing the E. coli rrnB T1 transcriptional terminator, the plasmid pKB6 (Berger et al., 1994) was digested with EcoRI to remove the td⌬i gene and religated, resulting in plasmid pKB7. This results in the placement of dotA adjacent to the P tac promoter. Plasmids pKB25, pKB26, pKB27 and pKB28 were constructed by introducing one, two, three and four copies, respectively, of polymerase chain reaction (PCR)-amplified T1 transcriptional terminator sequences into EcoRI/SacI-digested pKB7. The four tandemly repeated copies of T1 transcriptional terminator sequences from plasmid pRS551 (Simons et al., 1987) served as the template for a PCR amplification reaction using primers with the sequences 5Ј-GGGAATTCCAGGCATCAAATAAA-ACGAAAGGC-3Ј (5Ј EcoRI primer) and 5Ј-GGGAGCTCGA-TCCCCAATTCCTGGCAG-3Ј (3Ј Sac I primer). Primers were designed to anneal to T1 sequences flanking a DNA region corresponding to a single terminator. The DNA product from the PCR reaction contained distinct species whose lengths corresponded to those expected for one, two, three and four repeats of the terminator sequence. The DNA products were separated by agarose gel electrophoresis and purified. The DNA fragments were digested with EcoRI and SacI, ligated into pSKþ (Stratagene), and pSKþ clones were isolated that had one, two, three or four tandem copies of the T1 terminator. The terminators were removed from the pSKþ clones and ligated into pKB7 upstream of dotA. The td⌬i gene was then returned to each vector downstream of dotA as a Sal I/Pst I fragment.
Immunoblots to detect DotA protein expression were performed as described previously (Roy and Isberg, 1997) . For these studies, whole-cell L. pneumophila extracts containing 1 × 10 9 bacteria in 200 l of protein buffer were made from cells grown overnight to late-log phase in AYE broth either with or without 1 mM IPTG. To examine DotA stability, LP053 pKB26 was grown first in AYE broth containing 1 mM IPTG to late-log phase, pelleted at 5000 × g, washed three times in ice-cold dH 2 O and inoculated into AYE broth without IPTG at a cell density of 1 OD 600 ml
¹1
. Whole-cell extracts containing 1 × 10 9 bacteria in 200 l of protein buffer were then prepared after 2 h and 4 h growth in the absence of IPTG. SDS-PAGE gels loaded with equal volumes of the wholecell extracts were transferred to membranes and probed with a rabbit affinity-purified DotA antibody (Roy and Isberg, 1997) . The membrane was developed using horseradish peroxidase-conjugated goat anti-rabbit IgG (Zymed Laboratories) and enhanced chemiluminescence (ECL; Amersham Life Science). The scanned ECL image was displayed using Adobe Photoshop 3.0. To measure DotA protein levels, identical blots were developed using alkaline phosphatase-conjugated anti-rabbit IgG (Zymed Laboratories) and Attophos substrate (JBL Scientific). The blots were scanned to detect the fluorescent product using a Molecular Dynamics Storm 860, and quantitation of DotA-specific bands was performed using IMAGEQUANT software (Molecular Dynamics).
Measurement of L. pneumophila intracellular growth
The intracellular growth of L. pneumophila in U937 cells was measured as described previously (Roy and Isberg, 1997) . Briefly, bacteria were first grown overnight in AYE broth to early stationary phase. For preinduction of dotA from P tac constructs, IPTG was included in the AYE broth at a final concentration of 1 mM. Bacteria were washed with PBS, diluted into RPMI-1640 with 10% fetal bovine serum and added to confluent U937 cell monolayers in 24-well tissue culture dishes at an MOI of approximately 0.25. A total of 12 wells was infected for each growth condition being assayed, which yielded three independent measurements of intracellular growth at each of the four time points. Where indicated, IPTG was included in the tissue culture media at a final concentration of 1 mM. Bacterial uptake occurred over a period of 1 h at 37ЊC 5% CO 2 . The wells were then washed three times with PBS, and 1 ml of fresh RPMI-1640 containing 10% fetal bovine serum was added to three out of four of the wells. The monolayers in the other wells were lysed with distilled water and bacterial colony-forming units (cfus) were measured to obtain the starting cell-associated inoculum. The remaining monolayers were lysed sequentially over 3 days, and bacterial cfus present in the wells were measured to determine the extent of intracellular growth after 1, 2 and 3 days of infection.
